Zinc is one of the essential micronutrients required for the growth of plants. It is an integral component or activator of a number of enzymes that represent almost all enzymatic groups in plants. Zinc is highly mobile in the soil and is easily taken up by plants and thus can accumulate in the biomass up to extremely high phytotoxic concentrations (Vysloužilová et al. 2003a, b). The accumulation rate depends on soil conditions, plant species, genotype, climate and agronomic practice (Tiller 1989 , Tlustoš et al. 2001 . High concentrations of Zn in the soil, a frequent consequence of anthropogenic activities (Alloway 1995), affect adversely the life processes of plants (e.g. Vangronsveld and Clijsters 1994) and can result in decreased production of biomass (Vysloužilová et al. 2003a, b) 
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Chamomile [Matricaria chamomilla L., syn. Chamomilla recutita (L.) Rauschert] (Compositae) is one of the most important and most frequently cultivated medicinal herbs, particularly in Europe. Chamomile anthodia (Matricariae flos drug) contain a range of pharmacologically effective secondary metabolites with anti-inflammatory and spasmolytic action. The unique medicinal effect of chamomile results from combined action of all inherent substances: sesquiterpenes [(-)-α-bisabolol, matricin or chamazulene], flavonoids (apigenin glucosides), polyacetylenes [(Z)-ene-ynedicycloether], coumarins (herniarin and umbelliferone), mucilages, etc. (Schilcher 1987) .
Despite all these positive properties, chamomile can also accumulate cadmium (Marquard and Schneider 1999, Grejtovský and Pirč 2000) and zinc (Plescher et al. 1995) . Up until now we have little information on the response of chamomile plants to increasing concentrations of heavy metals in the soil and the potential influence of metals on production of specific secondary metabolites (De Pasquale et al. 1988 , Grejtovský et al. 2001 .
The aim of our study was to investigate the effect of increasing concentrations of soil Zn on the following: (i) growth and selected productive parameters of chamomile; (ii) the content of therapeutically relevant secondary metabolites in the anthodia of this important medicinal plant; (iii) effectiveness of Zn fertilization in relation to decreasing levels of Cd in Matricariae flos drug.
MATERIAL AND METHODS
Plant culture. Chamomile (Matricaria chamomilla L.) plants, diploid cv. Novbona, were cultivated in plastic pots under natural climatic conditions in the Botanical garden of P.J. Šafárik University in Košice. The pots were filled up with soil (Orthic Luvisol - Table 1 ) enriched with increasing doses of Zn added in the form of ZnSO 4 .7 H 2 O (0-50-150-300 mg Zn/kg dry soil). For each concentration the necessary amount of Zn-sulphate was dissolved in water and added to the soil at constant mixing to ensure a uniform distribution of Zn. Each pot containing 10 kg dry soil was prepared separately and each treatment was repeated 5 times. After 2-week equilibration of soil at 60% of MWHC, 50-day old chamomile plants, grown previously under laboratory conditions, were planted to the pots, five plants in each. During the cultivation, the plants were fertilized with nutrients using the following quantities (mg per kg of soil): N -39.7 (as NH 4 NO 3 ), P -7.2 (as KH 2 PO 4 ), and K -51.8 (as KH 2 PO 4 + KCl). The soil water content was checked regularly and maintained at 60% MWHC using distilled water. The temperature during vegetation ranged from 23 to 28°C during the day and between 14 and 18°C at night. Chamomile anthodia were collected at the stage when 1/2-2/3 of tubular flowers were in full flower. Cultivation was terminated on day 80 after potting the plants when the age of plants reached 130 days. The drug (Matricariae flos) yield was determined by weighing the anthodia air-dried at room temperature. The production of shoot dry matter was determined after drying at 80°C for 72 h.
Chemical analyses. Soil characteristics (Table 1 ) were determined using standard procedures. The pH was determined in 1M KCl suspension (soil:solution ratio = 1:2.5) with SenTix combined electrode (WTW). Organic C was determined spectrophotometrically after the oxidation of organic matter by K 2 Cr 2 O 7 (Walinga et al. 1992) . The available nutrients were extracted by Mehlich 2 procedure (Fiala 1999) ; K was determined by flame photometer (Flapho 4), Ca and Mg by complexometric titration method and P colorimetrically. Cation (Mader et al. 1998 ). The determination of Zn and Cd concentration was performed by differential pulse anodic stripping voltametry method using a polarographic analyser EP 100 (HSC Service, Bratislava) with HMDE electrode. The accuracy of plant analyses was checked by reference material RM 12-02-03 Lucerne with a certified content of Cd = 0.136 ± 0.003 mg/kg and Zn = 33.2 ± 0.5 mg/kg for which we obtained Cd = 0.142 ± 0.026 mg/kg and Zn = 33.9 ± 0.8 mg/kg.
Essential oil. Powdered anthodia (2 g) were extracted by steam distillation for two hours and the essential oil was determined gravimetrically. The principal components of essential oil: (-)-α-bisabolol, chamazulene, (E)-β-farnesene and ene-yne-dicycloethers were determined by high performance liquid chromatography (HPLC). The chromatographic conditions were described by Repčák et al. (1999) . The content of the substances mentioned was described as percentage of dry matter of the drug.
Apigenin and herniarin content in chamomile anthodia was determined as aglycones by HPLC after extraction with methanol and acid hydrolysis with 6% HCl (Repčák et al. 1998) . Standards for apigenin (Sigma, Taufkirchen, Germany) and herniarin (Extrasynthese, Genay, France) were used to obtain quantitative results for the components investigated.
Statistical evaluation. Analysis of variance (ANOVA) was performed on all experimental data and the least significant differences (LSD) were determined to compare the treatments.
RESULTS AND DISCUSSION

Accumulation of Zn
The results obtained by chemical analysis of specimens of experimental plants are presented in Table 2 . The addition of Zn into the soil caused a significant increase in its concentration in the shoots from 14.9 mg/kg dry matter (control plants) to 271.0 mg/kg dry matter at the highest Zn addition. In comparison with the control the Zn content in the shoots increased 18-fold. Similar significant effect of Zn addition was reflected in its concentration in chamomile anthodia. While the control anthodia contained 32.7 mg Zn/kg, the highest addition of this metal to the soil (300 mg/kg) caused that the respective anthodia accumulated 159.8 mg Zn/kg dry matter. This is almost a 5-fold increase in comparison with the control. Moreover, this concentration of Zn in chamomile anthodia exceeds considerably the highest acceptable level (80 mg/kg) of this metal in consumables set by the "Food Code of the Slovak Republic" (1998). As the "Food Code" does not specify the tea species, we assume that the concentration determined may not pose an immediate risk to the users.
According to our earlier observations the commercial chamomile drug, which is sold in pharmacy contains approximately 20-50 mg Zn/kg dry matter (unpublished results). Comparable values (from 30 to 50 mg/kg dry matter) were reported by Chizzola (1989) in the samples of chamomile anthodia obtained from growers in Austria.
Among the usually studied potentially toxic elements, Zn belongs to the most mobile trace elements with high bioavailability and high transfer to the plants. This corresponds fully to our results of determination of Zn in the chamomile plants.
The maximum concentration of Zn in chamomile shoot dry matter (271.0 mg/kg) most likely did not 
Plant growth
The influence of Zn on some growth and productive chamomile characteristics is illustrated in Table 3 . The data indicated that the level of Zn supply had a slightly positive effect on the plant height with significantly highest growth (P < 0.05) observed in plants treated with 50 mg Zn/kg soil. A similar effect of Zn supply on this parameter was reported also by Misra (1992) who also observed a positive effect of this element on production of tillers and branches of Mentha arvensis L. plants.
Moreover, the addition of Zn to the soil affected positively the yield of shoot dry matter which, compared to the control, was in all treatment groups higher by 12-17% (Table 3) . Unfortunately, the increase of biomass was insignificant (P > 0.05). Chamomile is a flower drug and therefore flowers are the principal product of this important medicinal plant. The control chamomile plants produced 12.5 g anthodia dry matter per pot. The addition of Zn to the soil (50 mg/kg soil) increased yield of anthodia dry matter by 8% (P > 0.05). Application of additional Zn (150 mg/kg soil) caused a slight decrease in the yield (-7.2% in comparison with the control) and the adverse effect was still more intensive at the highest dose of 300 mg Zn/kg soil. Although the plants produced 11.2 g anthodia dry matter, this represents a significant 17% decrease (P < 0.05) in the principal product compared to the maximum yield of 13.5 g obtained at the rate of 50 mg Zn/kg soil.
The knowledge about the influence of Zn and other trace metals on productive parameters of chamomile is scanty. While Dovjak (1988) failed to observe any effect of B and Mo fertilization on production of chamomile drug in a field experiment, lately Masarovičová et al. (2003) observed drastic depression of root and shoot biomass in chamomile cultivated in a solution culture containing 240 µM Zn.
The content of secondary metabolites in chamomile anthodia
All metabolites observed in chamomile anthodia (essential oil - Figure 1 and its principal components chamazulene, (E)-β-farnesene and eneyne-dicycloethers - Figure 2) showed a common tendency: evidence of culmination of the positive effect of Zn supply at a rate of 50 mg/kg and subsequent decrease with increasing supply, however, only insignificantly (P > 0.05). This weak response of chamomile to the level of Zn supply indicates Data represent means ± SD, n = 5 its modest nutritional requirements on this trace element (the soil used was itself deficient in Zn) but, on the other hand, there is inherited fixation with regard to effective ingredients. Moreover, Zn is a metal with low toxicity (McBride 1994) and despite the fact that the dose of 300 mg Zn/kg soil resulted in accumulation of 271 mg Zn/kg shoot dry matter this concentration failed to disrupt plant metabolism or result in decline of its metabolites.
The data on the influence of trace elements or heavy metals on the active substances in chamomile plants are limited. While Dovjak (1988) did not observe any effect of Mo on the content of oil and chamazulene, application of toxic Cd to the soil in the study performed by Grejtovský et al. (2001) caused a significant decrease in the content of essential oil and sesquiterpenes chamazulene and (-)-α-bisabolol and an increase in (E)-β-farnesene and polyacetylenes ene-yne-dicycloethers. Similar to that of De Pasquale et al. (1988) observed a reduction of chamazulene in Cd-treated chamomile anthodia but, contrary to our observations, recorded a marked increase of the level of bisabolol.
A positive correlation between Zn supply and the content of essential oil and menthol in Mentha arvensis L. was reported by Misra (1992) . Ren et al. (1993) observed increased synthesis of ginsenosides in Panax quinquefolium L. plants. On the other hand, field experiments with Mentha piperita L. and Mentha arvensis L. grown on strongly contaminated soil in the vicinity of a smelting plant for non-ferrous metals, showed a decreased yield of fresh herbage but the content of essential oil was not affected by contamination of soil with heavy metals (Zheljazkov and Nielsen 1996) .
As far as the other two therapeutically important constituents of the chamomile drug, flavone apigenin and coumarin herniarin were concerned, no effect of soil Zn supply was observed (Table 4 ). The present observations agree with those obtained in our previous study which failed to show any changes in the content of these substances even after application of a considerable quantity of Cd into the soil (Grejtovský et al. 2001 ).
Effectiveness of Zn supply on the Cd uptake
While Zn is an essential nutrient for living organisms, Cd is non-essential and potentially toxic for higher plants, animals and humans. Plants take up Cd easily and accumulate it in relevant edible parts and because of that Cd transfer into the environment and the food chain is a subject of constant concern. From this point of view proper attention should be paid to chamomile plants, which accumulate Cd (Marquard and Schneider 1999, Grejtovský and Pirč 2000) . The accumulative capacity of this medicinal plant was proven also in our experiment in which the total soil Cd content of 0.16 mg/kg (in aqua regia extract) resulted in 0.272 mg Cd/kg in control shoots and 0.280 mg Cd/kg in anthodia dry matter collected from these plants (Figure 3 ). Although this concentration does not exceed the maximum acceptable concentration of Cd in tea species (1 mg/kg dry matter) specified by the "Food Code of the Slovak Republic" (1998) it can result in problems on the market with herbal drugs (Kabelitz 1998 ).
The addition of Zn to the soil at a rate of 50 mg/kg decreased concentration of Cd in the shoots by 10% and in anthodia even by 37% (P < 0.01). An additional increase in soil Zn concentration caused a decrease in the accumulation of Cd in chamomile shoots by 18% (P < 0.05) at a rate of 300 mg Zn/kg soil.
Our results agree in general with the data obtained by other of authors who state that the Zn supply has an antagonistic effect on the accumulation of Cd by crop plants (Abdel-Sabour et al. 1988 , Oliver et al. 1994 , Choudhary et al. 1995 . However, no interactions between Zn and Cd were observed in older studies (e.g. White and Chaney 1980) , as was also indicated by Nan et al. (2002) . The status of Zn nutrition of plants may play an However, it appears that the suppressive effect of Zn supply on Cd bioavailability is the most effective at low levels of Zn in the soil or in the Zn-deficient conditions (Abdel-Sabour et al. 1988 , Oliver et al. 1994 , Choudhary et al. 1995 as already low doses of Zn suppress considerably the Cd uptake. The use of higher doses of Zn may raise problems because it can inhibit soil micro-organisms and depress crop yield or cause the accumulation of Zn to high levels in relevant plant parts as observed in our experiment in chamomile anthodia, as a herbal drug intended for therapeutical purposes. 
